A key challenge in biology is to understand how mutations combine to alter phenotypes. Each genetic variant in a genome can have diverse effects, for example decreasing, increasing, inactivating, or changing the function of a protein or RNA. In contrast, systematic analyses of how mutations interact have typically used a single variant of each gene, most often a null allele. We therefore lack an understanding of how the full range of genetic variants that occur in individuals can interact. To address this shortcoming, we developed an approach to combine >5000 pairs of diverse mutations in a model regulatory network. The outcome of most mutation combinations could be accurately predicted by simple rules that capture the 'stereotypical' genetic interactions (epistasis) in the network. However, for individual genotypes, additional, unexpected pairwise and higher order genetic interactions can be important. These include 'harmonious' combinations of individually detrimental alleles that reconstitute alternative functional switches. Our results provide an overview of how the full spectra of possible mutations in genes interact and how these interactions can be predicted. Moreover, they illustrate the importance of rare genetic interactions for individuals, including the impact of higher order epistatic interactions that dramatically alter the consequences of inactivating genes.
Beyond these stereotypical outcomes, particular combinations of mutations sometimes had very different phenotypes to those expected from their individual phenotypic effects. For example, rare pairings of Constitutive GAL4 alleles and Uninducible GAL80 variants yielded Inducible phenotypes, an example of reciprocal sign epistasis 10 . Similar interactions have been previously described for distinct GAL4-GAL80 allele combinations [11] [12] [13] . Other combinations yielding viable Inducible or Leaky phenotypes included pairings of Uninducible GAL3 with Leaky GAL80 variants (Fig 2E and Fig S2) . These alternative combinations of GAL80 and GAL4 genetic variants that permit a WT-like phenotype represent examples of 'harmonious' combinations 14 : alternative genetic solutions to the core Inducible phenotypic characteristic of the GAL pathway.
We hypothesized that the harmonious combinations of GAL80 and GAL4 alleles could simply reflect reconstitution of the original regulatory network that exists in WT cells, with all GALR genes functioning as in the WT network. Alternatively, the functionality of these mutants might reflect different solutions to the same regulatory task, with the roles of other genes changed 15, 16 . To distinguish between these two possibilities, we tested whether mutating the additional GALR genes, GAL3 and GAL1, had the same effect in these functional combinations of GAL80 and GAL4 alleles as in the WT system.
We tested a subset of GAL80 and GAL4 alleles in a combinatorially complete set of genotypes incorporating additional third-and fourth-order deletions in the potential galactose sensors GAL3 and GAL1 ( Fig 3A) . All Inducible allelic combinations depended on GAL1 or GAL3 for robust growth, reflecting the importance of galactose sensing for pathway induction (Fig 3B,C) . However, the consequences of deleting GAL3 or GAL1 sensing activity varied extensively across the different genotypes. For example, whereas the WT switch is completely dependent upon GAL3 (Fig 1D and Fig   3) , GAL3 was not required for induction in the Leaky GAL80.07 mutant (Fig 2D and Fig 3) , nor was it required for Constitutive expression in GAL4C mutants (Fig 3D) . Moreover, GAL80S-1 + GAL4C double mutants were still Inducible when GAL3 was deleted (Fig 3D,E, Fig 4A, Fig S4, Fig S5, and 
Supplementary Dataset 3).
GAL1's galactokinase activity is required for growth in galactose, so the dependency of a network on GAL1's sensing activity cannot be determined by simply deleting the gene. To test the dependency of each genotype on GAL1 sensing activity, we therefore used a strategy in which GALK genes from other species with different galactose sensing mechanisms were expressed from the GAL1 promoter ('GAL1::GALK', Fig 3A, Methods) . Consistent with GAL1 sensing activity not being required for induction in WT cells, replacing GAL1 with GALK from other species had no effect on gene expression or growth Fig S4, Fig S5) . In the Leaky GAL80.07 background, replacing GAL1 by GAL1::GALK also had no effect. However, it completely prevented growth and expression when GAL3 was also deleted. In 6 GAL3 and GAL1, an example of higher order epistasis. Such changes in gene essentiality have been widely observed between and within species [17] [18] [19] [20] [21] but the genetic causes are poorly understood. The altered requirement for GAL1 and GAL3 across combinations of mutations in GAL4 and GAL80 suggests that selective pressures on paralogous genes can substantially change with variation in other molecular players.
Together, our results illustrate how the genetic interactions between diverse alleles can be accurately predicted using models that capture the 'stereotypical' epistasis in a system. However they also demonstrate the importance of rare unexpected pairwise and higher order epistasis for the fitness of individual genotypes, and illustrate how higher order epistasis can rapidly change the essentiality of genes.
Figure legends (a) Snowflake fitness landscape showing the dependency of GAL4-GAL80 genotype pairings on GAL1
and GAL3 sensor activity. The shape of each node indicates expression phenotype and shading the growth rate in galactose. Harmonious combinations (HC) with altered galactose sensing requirements are indicated. While all harmonious combinations require some combination of GAL1 or GAL3 for growth and expression in galactose, the dependence on GAL3 and GAL1 varies across every GAL4-GAL80
background. (b) Rewiring of the GALR network across harmonious combinations. Each network's inferred wiring is illustrated for a given allelic combination, including Leaky GAL80.07 ('80L'), superrepressor GAL80S-1 ('80S'), the GAL1 sensor deletion construct GAL1::GALK ('K'), and Constitutive
GAL4-L868G ('4C'
). 'Inducible' classes include Leaky phenotypes which show low but detectable expression levels in glucose and high expression in galactose. according to the Narrow classification scheme. In (h), as explained in the Methods, the low variance explained stems from the fact that pathway-level epistasis leads to Constitutive and Leaky expression profiles ( Fig 1D) . For example, all pairwise combinations of Constitutive GAL80 and Uninducible GAL3
Supplementary Figure Legends
are Constitutive and therefore grow at high rates, when the prediction is that they will grow slowly due to GAL3's low growth rate. Similarly, fast-growing Constitutive GAL4 variants are predicted to grow slowly in ∆GAL3 backgrounds, when the double mutant remains Constitutive. Harmonious combinations of Uninducible GAL3 paired with Leaky GAL80 lead to Leaky or Inducible double-mutant phenotypes which grow quickly. Similarly, harmonious combinations of GAL80S-1 and GAL4C permit high rates of growth, when they are predicted to grow slowly due to the dominant repressive single GAL80S-1 backgrounds. Tables 1, and and 2, respectively. All S. cerevisiae yeast strains were generated starting from BY4741, (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0
22
). All cloning in E. coli was performed using DH5-alpha or its commercial derivative NEB 10-Beta (New England Biolabs product number C3019I or C3020). Genomic DNA of BY4741, DH5-alpha and C. albicans strain SC5314 were used as templates to generate GALR and GALK constructs.
PCR
For high fidelity PCR reactions we followed manufacturer's instructions using either Extaq (TaKaRa # 
Generation of yeast chassis strains AN612 and AN634
Primers and strains are in Supplementary Tables 1 and 2 . AN612, a Gal1p-YFP fusion, was used for the first two experiments, and AN634, a GAL1pr-YFP transcriptional fusion was used for the final experiment.
Standard lithium acetate transformation was used in all stages. BY4741 (S288c MATa ∆HIS3 ∆LEU2 ∆MET15 ∆URA3) was used as a starting strain. Starting from BY4741, we first integrated the YeCitrine-KANMX cassette from pKT140 as a fusion protein with GAL1 protein (AN612) or as a disruption of the GAL1 reading frame (AN634). KANR clones were screened at the cytometer, and those that exhibited high FITC-A measurements in galactose and autofluorescent-equivalent levels of FITC-A signal in glucose were saved. For deletion of GALR genes, full loci, including promoter and terminator sequences were deleted (the deleted sequences was exactly the same as the sequence of the genes used as complementation cassettes in plasmid complementation constructs). Upon transformation, potential deletion transformant clones were screened by phenotype. For GAL3, clones with GAL80 + GAL4 WT backgrounds were screened by inoculating a 2-day old colony (1 colony = 10^7 cells) into 200 µl in 96-well plates containing YP+2% galactose media and making four 4-fold serial dilutions. After 12-18 hours, those with no expression of the GAL1-YFP construct were selected and saved as the correct deletion strains. For ∆GAL80 strains in the GAL4.WT background, after integration of the deletion cassette, clones
were screened for constitutive expression of GAL1-YFP. For deletion of GAL4, clones were screened for lack of GAL1-YFP expression similarly to the GAL3 clones. To make the combinations of allele deletions, clones were generated in the the appropriate order to allow phenotypic characterization. For ∆GAL3 GAL80.WT ∆GAL4 strains, after deletion of GAL3 locus, ∆GAL4 integrants were screened for integration of the deletion cassette at the GAL4 locus by traditional PCR screening of 5' junctions. The final resulting strains, AN612 and AN634 were screened by PCR at the end for proper integrations of all constructs. To complement GALK activity in AN634, PCR products from plasmids pAMN50 (GAL1pr-GALK E. coli), pAMN51 (GAL1pr-GALK C. albicans), pAMN52 (GAL1pr-GAL1) and pAMN53 (GAL1pr-HIS5 S. pombe)
were transformed into the GAL4::URA3 locus.
Generation of screening plasmids for mutagenesis
Primers and strains are in Supplementary Tables 1 and 2. Table 3 includes information specific to the PCR products and transformations used. To ensure that all phenotypic variation observed in the PCR mutagenesis experiment were due to the locus targeted by mutagenesis and not the result of mutations in the other two GALR loci (potentially generated in the assembly or PCR process), we generated a screening plasmid with unique cutting sites between the GALR genes. These plasmids were generated by assembling three-GALR plasmids with the targeted GALR flanked by NotI sites and linker sequences.
One plasmid was assembled per GALR locus. After in vivo gap-repair assembly of these plasmids, they were prepped and transformed into E. coli and screened for correct digestion patterns. These plasmids were named pAMN26, pAMN27 and pAMN28. After identifying correct banding patterns and phenotypic behavior, plasmids were prepared for downstream analysis by removal of the gene of interest. The locus of interest for each one (GAL4, GAL3 and GAL80, respectively) could be liberated with a NotI digest.
Recircularization of these plasmids with a 5-minute room-temperature T4 ligase reaction and transformation into E. coli yielded plasmids pAMN32, pAMN33 and pAMN34 with deletions of their locus of interest.
Each GALR-specific screening plasmid (pAMN32, pAMN33 and pAMN34) was digested at a concentration of 100 ng / µl overnight in 7 ml in a 15 ml Falcon tube at 37ºC with NEB Cutsmart Buffer + 10 units of NotI-HF (New England Biolabs # R3189) per ml. After at least 12 hours' incubation, the reaction was brought to 30ºC, and 10 units of Mungbean nuclease added to chew away overhanging ends. After 1 hour incubation at 30ºC, reactions were terminated by extraction of enzyme and other protein with one volume of TE-buffered phenol/chloroform/isoamyl alcohol mixture at pH 8.0 (Sigma Aldrich P-2069). Extracted samples were washed twice with 1 volume of ether to remove excess phenol.
Ether was dried off under a flow hood for 30 minutes. DNA was precipitated by addition of 1/10 volume of 3M sodium acetate and 1 volume of isopropanol, frozen at -80 for 20 minutes to overnight, and then centrifuged 20 minutes in a bucket centrifuge at 4ºC. Pelleted DNA was washed twice with 2 ml of roomtemperature 70% EtOH (10 minute spins each). EtOH was pipetted off and tubes allowed to dry. DNA was resuspended in 1 ml of TE buffer and purity and concentration checked on a Nanodrop and digest confirmed by running on an agarose gel. These vectors were used downstream as recipient vectors for mutagenic PCRs.
Primers used to generate mutagenic PCR fragments contained blunt-ended NotI scar sites + novel PmeI digest sites + linker sequences, allowing in vivo gap-repair assembly and downstream confirmation of plasmid structure (via PmeI dual cuts + a mid-vector NdeI site). Vectors for the single GALR mutant screen were co-transformed with mutagenized PCR product using high-efficiency transformation into yeast and clones selected and screened as described below.
Generation of mutagenic libraries and targeted mutations
Tables 1, 2 and 3 describe strains and primers. See tables 3B, C and D for information specific to the PCR products and transformations used. Primers for these constructs encode a linker, a short barcode, a NotI cloning site, and template binding sites for amplification. Targeted mutations and random mutants generated in this study used NotI-digested plasmids pAMN32, pAMN33, and pAMN34 to receive one or two fragments of the given GALR gene. Each plasmid generated in these steps were used downstream as templates in the combinatorial genetics experiments.
Generation of combinatorial mutant constructs. Tables 1, 2 and 3 describe strains and primers. See table 3E and F for information specific to the PCR products and transformations used. All assemblies for combinatorial genetics used four PCR products (the vector + one allele of each of the three GALR loci) and were co-transformed into chassis strain AN612 or AN634. pRS415 (LEU2 marker) was used for combinatorial genetics experiments.
Generation of GAL1pr-GALK constructs. Tables 1, 2 and 3 describe strains and primers. See table 3G , H and I for information specific to the PCR products and transformations used. Plasmid pAMN45 (pGAL1pr-MET15) was first generated, and GALK orthologs or HIS5 from S. pombe were cloned downstream of the GAL1 promoter. MET15 was used as a marker because all usual markers in the final chassis yeast strain AN634 were used. The final constructs were designed to disrupt the CaURA3 cassette that was used to delete the GAL4 locus.
pAMN45 was made by 6-fragment PCR product assembly and was used downstream as a template for parts to assemble the final GALK constructs. Clones bearing plasmids assembled in these transformations were screened for the ability to grow in 0.2% galactose and GAL-inducible growth in SC-HIS + 0.5, 0.1, 0.2, and 2% glucose ± 0.2% galactose media. Correct clones were used downstream to transform strain AN634 with a GAL4::URA3::GAL1pr-GALKxx-Met15 PCR product.
High efficiency gap repair transformation in yeast.
In vivo homologous recombination ("gap repair") was used for generation of all plasmids except pAMN31, which was made by Gibson cloning. For gap repair, yeast clones were generated using combined with a high efficiency yeast transformation adapted from on a protocol described in aliquoted, appropriate to the scale, to 50 ml falcon tubes or 250 ml centrifuge bottles and centrifuged at 1250xg for the a the time required to pellet the cells (approximately 2 minutes for 50 ml falcon tubes and 5 minutes for the 250 ml centrifuge tubes). Cells were resuspended in 10-50 ml of SLAT buffer, and centrifuged again in 50 ml falcon tubes for 5 minutes at 1250xg, enough to pellet most cells.
Thereafter, per 50 ml of culture: cells were resuspended in SLAT buffer by agitating the cell pellet with a long pipette, followed by vigorous shaking. The volume of SLAT was adjusted depending on the volume of DNA transformation product being added such that a final volume of SLAT was 2.5 ml per 50 ml original culture. The protocol differed hereafter for library vs. targeted GALR allele clones.
For library generation, DNA was directly added to cells, including 50 µl of recently boiled-then-snapchilled 10 mg/ml ssDNA (salmon sperm DNA Agilent # 201190), 1 mg vector, and 1 mg each PCR product for in vivo gap repair assembly. The mutagenized PCR product was added directly to the cells.
Cells+SLAT+DNA mixtures were left with occasional agitation at room temperature for at least 30 minutes. Thereafter, 10 ml of PLATE mixture was added to cells, and cell-SLAT-DNA-PLATE mixtures were shaken and left to rest at least 30 minutes at room temperature. Then DMSO was added to PLATE + cell mixtures to 8% final concentration, and they were heatshocked in a water bath for 20 minutes.
Cells were then centrifuged 5 minutes at 1250xg, resuspended in 0.5 M sorbitol + YPD media and allowed to recover 1 hour at 30ºC. After recovery, cells were centrifuged again at 1250xg, and pellets resuspended in selection media and either recovered in 500 ml of liquid (200 RPM shaking for 48 hours)
or spread onto solid plates.
For high-throughput gap repair assemblies with specific combinations of GALR alleles, cell mixtures were resuspended in 1.375 ml SLAT, 50 µl of recently boiled-then-snap-chilled 10 mg/ml ssDNA and 1 mg PCR vector per 50 ml original culture. Then 11 µl of cells+SLAT were aliquoted to 9 µl of DNA-SLAT mixtures pre-aliquoted to 96-well polyethylene PCR plates (Thermo Scientific AB-0700). Each gap repair assembly mix had 0.1 µl of each of the three GALR's PCR product + 8.7µl SLAT. No shaking or agitation/mixing was used to blend the cells with DNA. After adding cells to 96-well plates, 80 µl of PLATE was added and plates sealed carefully using Biorad Microseal B seals. Samples were shaken vigorously by inversion to mix cells with the PLATE buffer. Cells were centrifuged in a swinging bucket centrifuge at 300 rpm for 3 seconds and then left at room temperature for at least 30 minutes and up to 3 hours. After incubation, plate seals were removed and 8 µl of DMSO was added to cell + PLATE mixtures. Seals were reapplied to the 96-well plates and the samples shaken vigorously by inversion, followed by centrifugation in a swinging bucket centrifuge at 300 rpm for 3 seconds (to bring samples down to the tube bottoms), followed by heat shock at 42ºC for 20 minutes in a pre-warmed PCR block.
After heat shock, cells were centrifuged for 1 minute at 1250xg, PLATE+SLAT mixture dumped out, and Inoculated galactose plates were sealed with Microseal B seals and placed immediately at 4ºC to prevent growth or gene expression prior to beginning of growth experiment. We found that only turbid cultures could be resuspended by shaking on the 2.5 mm-radius orbital shaker. Therefore, while inoculating into galactose, we took care to distribute the cells evenly across the whole well. Plates were then sealed with Microseal B seals and put at 4ºC. At the end of the day all glucose-pregrown cultures that had been inoculated into galactose media were placed at 30ºC in stacks of 1-2 plates to begin growth.
After inoculation of galactose plates with glucose-grown cells, we put the glucose plates at 4ºC until measurement at the flow cytometer (BD FACS Canto; FACS Diva v 5.0.3 Firmware V 1.4). Prior to measurement at the cytometer, plates were put back on the shaker for 2 hours. Plates were visually inspected to be sure that the cells in all wells were well-suspended. We measured cell density and gene expression ( bandpass filters "FITC-A" 530±15 nm and "PE" 585±21 nm were used for YFP signal and 488±5 nm for SSC signal). High-throughput sampling mode was used with no mixing. The median time to complete a plate was 18 minutes. During this time we determined that cell density measurements did not appreciably change. If any problem was encountered during the cytometry and the measurements needed to be stopped, we took the plate out and put back on the plate shaker briefly to resuspend the cells before resuming the cytometry.
After 12 hours of growth at 30ºC in SC-[LEU or HIS]+0.2% galactose, samples were placed on ice or on a cold surface in a 4ºC room to arrest growth and allowed to cool at least 30 minutes prior to exposure back at room temperature. Prior to measurement at the cytometer, Microseal B covers were removed and samples put on the orbital shaker for 2 hours covered by a breathable plate seal. As mentioned above, samples that did not grow appreciably could not be easily resuspended by the orbital shaker.
Therefore, prior to measurement, all cultures were pipetted up and down 5 times with a multichannel micropipette, and then placed immediately in the FACSCanto for analysis. Prior to sampling in the cytometer, wells were scored by eye for high growth or low growth. The cytometer template's sampling rates were adjusted according to these by-eye scores: high density samples were sampled at 0. Selection and isolation of plasmids from single yeast clones for combinatorial genetics experiment.
After screening and phenotypically characterizing mutagenized GALR variants by flow cytometry (see above) we isolated plasmids of interesting phenotypes. Clones were selected to reflect either outlying phenotypes or more typical behaviour. "Outlying phenotypes" included samples where both fracon.glu and fracon.gal measurements were > 0 and less than 1, indicating that the clones had a constitutive character but could not fully induce the GAL pathway. Another rare phenotype we tried to isolate were clones where mean signal in ON cells was less than mean signal of typical inducible ON clones (as discussed in the text this phenotype was quite rare). Although some GAL3 mutants appeared to have constitutive characters in the first screen, we found that none of these phenotypes were recapitulated upon subcloning.
After selection based on phenotype, clones were thawed from the freezer and struck to single colonies.
These were inoculated into SC-HIS+2%glucose media in PCR plates and gDNA prepped in 96-well plates as described above. Clones were transformed into electrocompetent 10-Beta cells (New England Biolabs # C3020) using a 96-well plate electroporator using fresh electroporation plates (BTX 45-0450-M). Cells were recovered in deepwell plates (Thermo Scientific # 260252) and recovered in 0.6 ml SOC media for 1 hour prior to inoculation into 0.6 ml LB+100 mg / ml ampicillin. The next day plasmids were prepped in 96-well plates as described above. https://github.com/AaronMNew/HarmoniousCombinations.
Analysis of the raw flow cytometry data.
R was used for all analyses. Scripts and data are available at the github link:
https://github.com/AaronMNew/HarmoniousCombinations. FCS3 files were exported from the computer controlling the FACSCanto measurements and sampling rate information extracted from exported .xml files generated from export of "Experiment Template". Scripts for extracting metadata from these .xml files are found in the supplementary code. Experiment "layout" files were generated including clone information, known genotype information and censorship information (censored either if they had very low transformation efficiency or a contamination), and this was merged with metadata of sampling rates in the .xml file. As a basic overview of the analysis, the Bioconductor FlowCore package tools were used to open the binary FCS files and filter first based on cell shape and size information using first a rectangle including 95% of observations in side scatter (SSC) and forward scatter (FSC), then a centroid algorithm was used to identify the most dense observations in these two dimensions, excluding between 30-50% of outlying original observations. FITC-A signal was used to quantify YFP expression. The To quantify this we took the mean YFP signal in galactose / mean YFP signal in glucose as a measure of a clone's induction. Using this parameter, we could identify clones mis-classified as constitutive to be "inducible" or "leaky". Similarly, some "inducible" clones displayed low mean induction values, so were classified as uninducible, and some "uninducible" clones actually showed >40% of cells ON in galactose with high a mode of expression and so were classified as inducible.
Predictive modeling of double mutant growth rates based single mutant gene expression clusters. This is because certain triple mutant classes were not measured. Specifically "uninducible" GAL3 was never paired with the three classes of GAL80 and GAL4 that do not include "inducible". These classes number 3 X 3 X 1 GAL4, GAL80 and GAL3 alleles = 9, so 32-9 = 23 unique clusters arising from singlemutant combinations.
Notably, these missing classes are all almost included in the final experiment, including constitutive GAL80, leaky GAL80, uninducible GAL80, uninducible GAL4, constitutive GAL4. The only one not included are the weak expression class of GAL4, three alleles of which all behaved very similarly to WT GAL4 (e.g., uninducible with uninducible GAL80S variants or uninducible GAL3 variants, and constitutive with constitutive GAL80 variants) but with lower peak expression level.
Predictive modeling of double mutant growth rates based on single mutant mutation effects.
For calculating expected growth rate based on single mutant effects, we used a first-order geometric model of phenotypic variation where the expected multiple mutant locus (µ MUT ) phenotype is the product of the phenotypes of each (single) allele across N loci in the WT background normalized by the WT reference phenotype value: Phenotype values used for µ were equal to growth rate minus the background growth rate observed in the absence of any GAL regulator. These expectation values were used to predict overall variance in the dataset, explaining 52%, 20%, and 85% of variance for pairings between GAL3 vs. GAL4, GAL80 vs GAL3, and GAL4 vs GAL80, respectively. Overall this model explained 55% of variance across the dataset. These low values stem from the fact that pathway-level epistasis leads to constitutive and leaky expression profiles, which dominate signal in the dataset (Fig S3H) . For example, all pairwise combinations of constitutive GAL80 and uninducible GAL3 are constitutive and therefore grow at high rates, when the prediction prediction is that they will grow slowly due to GAL3's low growth rate. Similarly, fast-growing constitive GAL4 variants are predicted to grow slowly in ∆GAL3 backgrounds, when the double mutant remains constitutive. Harmonious combinations of uninducible GAL3 paired with leaky GAL80 lead to leaky or inducible double-mutant phenotypes which grow quickly. Similarly, harmonious combinations of GAL80S-1 and GAL4C permit high rates of growth, when they are predicted to grow slowly due to the dominant repressive single GAL80S-1 backgrounds.
Fitting a logistic model to the relationship between GAL1-YFP expression and growth rate
To demonstrate that GALK orthologs from E. coli and C. albicans did not display signaling activity, we compared expression of the GAL1pr-YFP fusion to growth rates in which all sensors were deleted and found a sigmoidal relationship between mean YFP expression in glucose. We used this latter expression in glucose a measure of "pathway leakiness" or constitutivity to predict the expected growth rate of the culture in galactose. For this, we fitted a logistic curve using R's SSlogis() function of growth rate as a function of initial gene expression level to demonstrate that inducible or leaky "harmonious combination" mutant backgrounds are able to mount an induction response and high growth rate from an initially OFF state. A one-sided t-test was performed for each within-genotype mean across all backgrounds compared to this null expectation. To account for the differential growth rates observed for C. albicans Small-scale genomic DNA (gDNA) preps
Yeast genomic DNA was isolated by alkaline lysis and isopropanol precipitation using a scaled-down protocol based on that provided by MasterPure™ Yeast DNA Purification kit (#MPY80200). 150 µl of yeast cells were grown overnight in appropriate selective media in 96-well PCR plates covered with breathable seals with no shaking. The next day they were spun for one minute in a swinging centrifuge centrifuge on high (~3200 x g or 4000 RPM on a swinging bucket centrifuge). Spent media was shaken out and immediately after dumping spent media, plates were swabbed on ethanolsoaked paper towel to remove most of the media still clinging to the sides of the plate. Cells were resuspended in 50 µl lysis buffer by pipetting or inversion while covered with Biorad Microseal B seals (catalog number fMSB1001) and inverted several times to mix. Plates were spun briefly for 1 second at 300 RPM to get the lysed cells back into the wells and off of the plate sealer. Samples were incubated at 65ºC for 15 minutes for lysis, and then plates placed on ice for 5 minutes. Plate seals were removed and 25 ul of MPC precipitation buffer was added to the lysed cells. Plates were re-sealed and inverted multiple times to be sure protein and other cellular debris was precipitated. Debris was pelleted by centrifugation on high (~3200 x g, 4000 RPM) in a bucket centrifuge for 10 minutes. Then plate seals were removed and 50 µl of gDNA-containing supernatant was transferred into 50 µl of isopropanol in a new 96-well plate. Plates were re-sealed and inverted several times to mix the DNA and isopropanol.
Samples were then centrifuged on high (~3200 x g, 4000 RPM) in a bucket centrifuge for 10 minutes.
After centrifugation, isopropanol was dumped off and while still upside down, the plates gently dabbed on paper towels to absorb more isopropanol clinging to the plate. 60 µl of 70% ethanol was then added, plates resealed and inverted gently one time to mix the remaining isopropanol and ethanol together.
Plates were then centrifuged on high (~3200 x g, 4000 RPM) in a bucket centrifuge for 2-5 minutes. An optional second 70% ethanol wash was was sometimes performed. Then ethanol was dumped and while still upside down put the plate on a paper towel to absorb ethanol clinging to the plate. Plates were then spun briefly to bring remaining ethanol to the bottom of the wells, and using a Rainin multichannel P10 with LTS tips (very fine tips) the remaining ~4-10 µl of ethanol was removed from the plates. Plates were allowed to dry 10 minutes. DNA was resuspended in 25-50 µl EB buffer, mq H2O or TE buffer (depending on downstream use). Quality of prep was confirmed by measuring purity and estimation of DNA concentration on a Nanodrop and running an agarose gel of 3 µl of 12 preps randomly selected across the plate.
Small-scale plasmid mini preps
To isolate plasmids, we used a simple alkaline lysis miniprep protocol using buffers P1, P2 and P3 from Qiagen (catalog numbers 19051,19052 and 19053 respectively), either at a "normal" scale, with 1.5 ml of saturated bacterial culture yielding > 10 mg of DNA or scaled-down in a 96-well plate with yields of >1 mg plasmid DNA per sample.
For normal mini-preps we first picked single colonies from a selective plate or inoculated a stab of cells directly from the -80 freezer stock into at least 2 ml of liquid LB containing the selective antibiotic and incubated overnight with vigorous shaking. After incubation, 1.5 ml of cells were pelleted at 13000 rpm for 1 min. Cells were resuspended in 150 µl buffer P1 + RNAse, lysed for 1-5 minutes in 150 µl buffer P2, and then cellular debris precipitated with 150 µl buffer P3. Debris was then pelleted at 13000 RPM for 10 minutes. Plasmid DNA was precipitated by adding 1 volume of isopropanol, the tubes inverted a few times to mix well, and then tubes were centrifuged at 13000 RPM for 10 minutes at 4ºC. Isopropanol was dumped from the tubes and 0.5 ml of room-temperature 70% ethanol was added, the tubes gently inverted one time, and spun at 13000 RPM for 2-5 minutes. Sometimes the pellets were washed again with ethanol. Ethanol was dumped, residual ethanol removed by a quick spin and pipetting, and the tubes left to dry for 15 minutes. DNA was resuspended in 1X TE buffer or EB buffer from Qiagen (catalog number 19086).
For 96-well plate mini-preps, a scaled-down version of the protocol used above was followed. Single colonies or pools of transformants from yeast clones were inoculated into LB+selection in a deep-well 96-well plate (Thermo Scientific 260252) and the plates sealed using breathable plate seals (Thermo Scientific # AB-0718) and incubated overnight with vigorous shaking on a 2.5 mm radius orbital plate shaker overnight at 37ºC. After growth, 150-160 ul of turbid cells were pipetted into 96-well PCR plate and centrifuged on high (~3200 x g or 4000 RPM on a swinging bucket centrifuge) for 5 minutes. Spent media was shaken out into an autoclavable or bleachable container, and immediately after dumping spent media, plates were dabbed onto an ethanol-soaked paper towel to remove most of the media still clinging to the sides of the plate. Cells were resuspended in 25 µl P1 buffer + RNAse by pipetting up and down, then 25 µl buffer P2 was added to cells. Plates were sealed with Microseal B seals and inverted several times to mix, then left to let sit for 5 minutes. Plates were spun briefly for 1 second at 300 RPM to get the lysed cells back into the wells and off of the plate sealer. Plate seals were removed and 25 ul of buffer P3 was added to the lysed cells and plates were re-sealed and inverted multiple times to be sure protein and other cellular debris was precipitated.
Debris was pelleted by centrifugation on high (~3200 x g, 4000 RPM) in a bucket centrifuge for 10 minutes. Then plate seals were removed and 60 µl of plasmid-containing supernatant was transferred ingo into 60 µl of isopropanol in a new 96-well plate. Plates were re-sealed and inverted several times to mix the DNA and isopropanol. Samples were then centrifuged on high (~3200 x g, 4000 RPM) in a bucket centrifuge for 10 minutes. After centrifugation, isopropanol was dumped off and while still upside down, the plates dabbed on paper towels to absorb more isopropanol clinging to the plate. 60 µl of 70% ethanol was then added, plates resealed and inverted gently one time to mix the remaining isopropanol and ethanol together. Plates were then centrifuged on high (~3200 x g, 4000 RPM) in a bucket centrifuge for 5 minutes. An optional second wash was sometimes performed. Then ethanol was dumped and while still upside down put the plate on a paper towel to absorb of yet more ethanol clinging to the plate.
Plates were then spun briefly to bring remaining ethanol to the bottom of the wells, and using a Rainin multichannel P10 with LTS tips (catalog number 17005873; very fine and flexible tips) the remaining ethanol was removed from the plates. Plates were allowed to dry 10 minutes. DNA was resuspended in 25-50 µl EB buffer, mq H2O or TE buffer (depending on downstream use). Quality of prep was confirmed by measuring purity and DNA concentration at a Nanodrop and running an appropriate digest on an 0.8% agarose TAE-buffered gel.
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